Abstract Older adults have an increase in circulating markers of inflammation. The current study examined whether there is an increase in the expression of inflammatory markers within the vastus lateralis, a major locomotive muscle, of older adults, and if so, whether the reduction in muscle strength and aerobic capacity in older adults is related to increased muscle inflammation. Skeletal muscle biopsies were taken from older adults (n = 17, 67 ± 1.6 years) and young individuals (n = 16, 24 ± 0.6 years) under resting and fasting conditions. Muscle was analyzed for mRNA levels of intracellular inflammatory molecules (MCP1, TNFa and IL-1b) and total cellular protein abundance of cytokines, chemokines and kinases (IL-6, IL-8, MCP1, TNFa, p65 (NF-jB), JNK1/2 and STAT3). MCP1 expression was significantly higher (p \ 0.05; 50 %, mRNA and 40 %, protein) in elderly than younger participants, as was IL-8 (4 %). No detectable difference in kinase protein expression was observed for STAT3, JNK or p65 (NF-jB), TNFa or IL-6. Muscle strength was lower in the elderly compared to the young group (1.55 ± 0.17 vs. 2.56 ± 0.13 Nm/kg, p \ 0.001). The elderly group also had a significantly lower VO 2peak compared to the young group (24.9 ± 1.9 vs. 39.3 ± 1.9, p \ 0.001), but muscle strength and VO 2peak were not correlated with the examined inflammatory markers. Older adults have increased MCP1 (mRNA and protein abundance) and IL-8 (protein abundance) and also reduced muscle strength and VO 2peak . However, the reduction in muscle strength and VO 2peak was not related to the increase in muscle inflammatory markers in this cohort.
muscle mass and strength not only confers significant survival advantage, but also improves the quality of life, with greater mobility and independence. For this, there must be a balance of protein synthesis and degradation as well as pro-and anti-inflammatory molecules. One hallmark feature of aging is the loss of muscle mass, muscle function and muscle strength (sarcopenia) that commences from as early as the fifth decade of life, with loss of muscle accelerating with advancing age and in the presence of additional chronic diseases (Fielding et al. 2011; Hughes et al. 2002) . As we age, reduced protein synthesis is apparent and older individuals present with chronic low grade inflammation, characterized by increases in circulating pro-inflammatory mediators; a phenomena known as ''inflammaging'' (Franceschi et al. , 2007 Toth et al. 2005) . Chronically elevated circulating inflammation has been suggested as a contributing feature in the pathogenesis of many age-related diseases, such as dementia, atherosclerosis, type 2 diabetes and Alzheimer's disease Ferrucci et al. 2005; Krabbe et al. 2004) .
The cellular mechanisms for the loss of regenerative capacity in old age are not well understood. First, agerelated loss in the number of myonuclei and satellite cell number per fiber may be one possible limiting factor for muscle regeneration (Fulda and Debatin 2002) . However, aging satellite cells and skeletal muscle retain their functionality (Conboy and Rando 2005) and plasticity (Fiatarone et al. 1994 ; Kosek et al. 2006) ; therefore there may be systemic factors present to modulate the signaling necessary for the activation of satellite cells for regeneration (Conboy and Rando 2005) . Second, there is a complex interplay between tightly regulated signaling pathways which are sensitive to damaging external stimuli, including the mitogen-activated protein kinases (MAPK), nuclear factor kappa-B (NF-jB), c-Jun N-terminal kinases (JNK) and the signal transducer and activator of transcription (STAT) pathway (Peake et al. 2010; Simon et al. 1998) . These pathways intersect to transcriptionally regulate the expression of pro-inflammatory mediators, such as tumor necrosis factor (TNFa), interleukin (IL)-8, IL-1b and monocyte chemotactic protein-1 (MCP1). However, to date, it is not clear whether older adults exhibit increases in these pro-inflammatory mediators, particularly in skeletal muscle.
MCP1 and IL-8 are pro-inflammatory chemokines involved in the recruitment of monocytes, macrophages and neutrophils and other inflammatory cells (Baggiolini et al. 1997) . Through the modulation of these cells, these chemokines are important for tissue degradation, particularly after trauma or injury and yet are important in facilitating a faster rate of regeneration and recovery. Conversely, MCP1 and IL-8 are also potent activators of NF-jB, thus potentially eliciting and maintaining a chronic cycle of maladaptation, impairing muscle regeneration and repair (Handel et al. 1995; Peake et al. 2010) . Monocyte and macrophage activation stimulates the release of the majority of circulating TNFa, following damage or inflammation (Figarella-Branger et al. 2003) . As a mediator of muscle wasting, TNFa inhibits myoblast differentiation (Langen et al. 2002) , resulting in a reduced regenerative capacity following injury. As such, it appears that circulating MCP1, IL-8 and TNFa may contribute to muscle wasting associated with injury (and potentially inactivity); however, it is not clear whether those inflammatory markers are increased in older adults, particularly in skeletal muscle.
Despite the importance of redox-sensitive pathways as regulators of pro-inflammatory cytokine and chemokine production, very few studies have examined these pathways in the skeletal muscle of older individuals (for review see (Peake et al. 2010) . To understand the molecular and signaling events present within skeletal muscle prior to the onset of accelerated muscle wasting in the very old, it is important to address whether these intra-muscular regulators are altered during the course of aging, similar to what has already been identified in circulation (plasma/serum) . Furthermore, it is not clear whether the reduction in muscle strength seen in elderly individuals is related to increased muscle inflammation, which was demonstrated in elderly people with severe musculoskeletal disease, such as osteoarthritis (Levinger et al. 2011) . Therefore, the main aim of this study was to compare inflammatory gene and protein expression in the vastus lateralis of older adults versus young individuals. A secondary aim was to examine whether the reduction in muscle strength and aerobic power in older adults is related to muscle inflammatory markers. We hypothesized that older participants would have higher levels of inflammatory molecules compared to their younger counterparts, and this would be related to their reduction in muscle strength and peak aerobic capacity.
Methods

Participants
Seventeen elderly and 16 young people from the general population were recruited for a skeletal muscle biopsy under resting and fasting conditions. As aging is strongly associated with many chronic diseases, we included individuals who suffer from asymptomatic cardiovascular (such as hypertension) or metabolic (obesity and type 2 diabetes) conditions. The two groups reported a similar weekly duration of physical activity, although the young were typically engaged in much higher intensity of exercise (e.g. running rather than walking). Some elderly individuals were on prescribed medications (Table 1) . None of the participants were on anti-inflammatory medications. All participants were informed of the nature and risks of the study before their written consent was obtained. The study was approved by the Victoria University Human Research Ethics Committee.
Muscle strength
Muscle strength was measured in a smaller cohort of the elderly (n = 7) and the young (n = 9) participants in the leg from which the muscle biopsy was taken. Strength was measured using a portable purposely built non-extendable strain gauge (load cell) as described previously (Levinger et al. 2011) . In brief, the strain gauge was attached to the participant's leg using a webbing strap with a Velcro fastener. The participant sat in a tall chair with a strap around the lower leg approximately 10 cm above the ankle joint and the hip and knee joint angles positioned at 90°. The distance from the knee joint to the strap around the ankle was measured with a tape measure and was used for the calculation of torque [force (N) 9 distance (m)]. The participant extracted maximal force against the strap assembly for 3 s. Three trials were recorded and the highest score was used for the analysis. Data were normalized for body mass (Nm/kg).
Aerobic fitness
Aerobic power (VO 2peak ) was assessed during a symptomlimited graded exercise test on Cybex MET 100 cycle (Cybex Metabolic Systems, Ronkonkoma, NY, USA) as we described previously (Levinger et al. 2007 ).
Muscle biopsy
The vastus lateralis of either leg was sampled by percutaneous needle biopsy technique as described previously (Trenerry et al. 2007 ).
RNA extraction and RT-PCR
Samples (10 mg) from each participant were subjected to RNA analysis. First-strand cDNA was generated from 1.0 lg total RNA (Applied Biosystems, Foster City, CA) and RT-PCR was performed in duplicate using Power SYBR Green (Applied Biosystems, Foster City, CA), forward and reverse primers and cDNA template (1.25 ng/ll) (Trenerry et al. 2007 ). The efficacy of TATA box-binding protein (TBP) as an endogenous control was examined using the equation 2 -DCt . Primer sequences were designed using Primer Express (Applied Biosystems, Foster City, CA) and validated by BLAST sequence homology (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and melt-curve analysis, as previously described (Trenerry et al. 2007 ) (see Table 2 for primer details). Protein extraction and western blot analysis
Tissue samples from each individual were extracted using cell lysis buffer (Bio-Rad Laboratories, Hercules, CA). Approximately 10 mg of sample was homogenized using a FastPrep tissue disruptor (Thermo-Fisher Scientific) (20 s, setting 5.5) using 15 ll lysis buffer per mg tissue. The homogenate was rotated at 4°C for 1 h, centrifuged at 13,000 rpm at 4°C for 10 min and the supernatant collected. Protein concentration was determined using the BCA protein assay kit (Thermo-Fisher Scientific) as per manufacturer's instructions. Total protein (50 lg) was separated by 10 % SDS-PAGE, transferred onto a nitrocellulose membrane and blocked in either 5 % (w/v) bovine serum albumin, 5 % (w/v) cold fish gelatin or 5 % skim milk powder (w/v) in PBS with 0.1 % Tween 20 (PBST). Primary antibodies, diluted in blocking buffer, were applied and incubated overnight at 4°C; STAT3, p65 (NF-jB), JNK (Cell Signaling Technology Inc., Danvers, MA) and actin (Sigma-Aldrich, Sydney, Australia). Secondary anti-rabbit HRP-conjugated antibodies were used and visualized by enhanced chemiluminescence (PerkinElmer, Boston, MA) with densitometry (Kodak Imaging software, Kodak ID 3.5, Perkin-Elmer, Boston, MA).
Multiplex suspension array system
A Bio-Plex suspension array for IL-6, IL-8, MCP1 and TNFa was conducted in triplicate following the manufacturer's instructions (Bio-Rad Laboratories, Hercules, CA) and as previously described (Trenerry et al. 2010) . Protein samples were prepared as described above, diluted to 1,000 lg/ml, using reagents from the Cytokine reagent kit (Bio-Rad Laboratories). Protein abundances were calculated based on standard curve data with a weighted five-parameter logistic fit analysis using Bio-Plex Manager Software v 5.0 (Bio-Rad Laboratories, Hercules, CA). Standards were between 20 and 10,364 pg/ml for each protein of interest.
Statistical analysis
Unpaired t tests were used to compare BMI, strength, VO 2peak , mRNA expression and protein abundance data between groups (elderly and young). Spearman Rho correlation was conducted to assess the correlation between inflammatory markers, age, muscle strength and VO 2peak . All data are reported as mean ± standard error of the mean (SEM) and statistical analyses were conducted at the 95 % level of significance.
Results
Aging elevates basal levels of inflammatory molecules in muscle
Skeletal muscle MCP1 and IL-1b mRNA were elevated (20-55 %) in the elderly compared to the younger participants ( Fig. 1) , although only MCP1 was significant (p \ 0.01). Protein abundance of MCP1 was significantly elevated in the elderly participants (40 %, p \ 0.01) along with IL-8 (4 %, p \ 0.05) (Fig. 2) . TNFa mRNA did not reach statistical significance (p [ 0.05) (Fig. 1) . Both muscle MCP1 mRNA and protein abundance were significantly correlated with age (r = 0.54, p \ 0.01; r = 0.42, p \ 0.05, respectively). Age was also associated with IL-8 protein abundance (r = 0.37, p \ 0.05). There was no difference observed between groups for IL-6 protein abundance (p [ 0.05, Fig. 2 ). In the majority of subjects IL-6 mRNA was below the detection threshold. In the remaining subjects the expression was low and highly variable. Gene expression was not statistically different within groups (i.e. young and older adults) between subjects for which strength measurement and VO 2peak were obtained and those from whom those data were not collected. The total protein abundance of JNK1/2, p65 (NF-jB) and STAT3 were measured to evaluate possible downstream signaling events of the aforementioned inflammatory cytokines. There was no difference in the protein expression of these molecules between young and elderly participants (Fig. 3) .
Muscle strength and aerobic power
Muscle strength was lower in the elderly compared to the young group (1.55 ± 0.17 vs. 2.56 ± 0.13 Nm/kg, p \ 0.001). The elderly group had a significantly lower VO 2peak compared to the young group (24.9 ± 1.9 vs. 39.3 ± 1.9, p \ 0.001). Both muscle strength and VO 2peak were negatively correlated with age (r = -0.78, p \ 0.001 and r = -0.72, p \ 0.01, respectively). Muscle strength and VO 2peak did not correlate with any of the examined inflammatory markers. VO 2peak , however, tended to be negatively correlated with MCP1 mRNA (r = -0.45, p [ 0.05).
Discussion
Skeletal muscle mass, strength and quality are impaired in older individuals compared to that of younger adults (Degens 2007; Janssen et al. 2000) and this may be related to increased inflammation in aging (Peake et al. 2010) . The current study examined several inflammatory markers associated with muscle wasting and atrophy within skeletal muscle. We have found that in older adults there was increased muscular MCP1 (mRNA and protein abundance) and IL-8 (protein abundance). However, the reduction in muscle strength in these adults was not associated with the expression of inflammatory markers in muscle. Under normal conditions, MCP1 is involved in the recruitment of inflammatory cells and is important for muscle repair and regeneration via the regulation of macrophages (Baggiolini et al. 1997; Shireman et al. 2007 ). Macrophage release is necessary for the stimulation of satellite cell activation for skeletal muscle repair (Tidball 2005) . It has been suggested that during aging there is an increase in the susceptibility of satellite cells to cytokines such as MCP1, which may alter regeneration capacity of skeletal muscle that in turn may lead to accumulation of damaged cellular components leading to cellular dysfunction (Shireman et al. 2007 ). In healthy adults, circulating levels of MCP1 in the blood are elevated in an age-dependent manner (Deo et al. 2004; Gerli et al. 2000; Inadera et al. 1999; Kanda et al. 2006; Mariani et al. 2006; Miles et al. 2008; Seidler et al. 2010) . We show here that MCP1 is also increased with age in skeletal muscle. Chronic increase in the levels of circulating MCP1 in the blood has previously been suggested to be associated with developing weight gain and health problems (Inadera et al. 1999; Kanda et al. 2006; Miles et al. 2008; Seidler et al. 2010) . However, we saw no such associations in the current study, which is similar to other studies that showed elevated MCP-1 without evidence of atherosclerosis (Deo et al. 2004; Mariani et al. 2006) .
Similar to MCP1, IL-8 is also involved in the recruitment of inflammatory cells important for muscle adaptation (Baggiolini et al. 1997) . High circulating levels of IL-8 have been observed in healthy elderly (WieczorowskaTobis et al. 2006) , and it was suggested that the levels of this chemokine may be indicative of healthy aging (Wieczorowska-Tobis et al. 2006), contrary to that described for MCP1. An age-related shift in the immunological network has been proposed to occur in serum/plasma that has not yet been described in skeletal muscle: with an apparent elevation and preferential activation of type 2 cytokines, as well as CC and CXC chemokines, in healthy aging individuals (Antonelli et al. 2006; Deo et al. 2004; Gerli et al. 2000; Inadera et al. 1999; Mariani et al. 2006; Seidler et al. 2010; Wieczorowska-Tobis et al. 2006) . Based on the Fig. 3 There is no ageassociated difference in the expression of inflammatoryassociated kinases total protein levels in skeletal muscle. Total protein expression of JNK1/2, p65 (NF-jB) and STAT3 between young and elderly individuals was examined under resting conditions using Western blotting. Values are AU, normalized to the expression of actin. Data reported as mean ± SEM results of the present study, it appears that the same could be said to be occurring for CC (MCP-1) and CXC (IL-8) chemokines within skeletal muscle. To further elucidate an association between circulating and intramuscular cytokine and chemokine levels, future studies should sample both serum and muscle biopsies for comparisons between the two, with the inclusion of investigating expression profiles of their receptors.
Inflammatory molecules activate a myriad of signaling pathways to mediate cellular repair. Within skeletal muscle, there is complex crosstalk between several signal transduction cascades, due to the commonality of the ligands which stimulate the activation of these pathways. With age, there may be a dysregulation of this process (Trenerry et al. 2008) ; therefore, we sought to investigate differences that may be present in the basal levels of important kinases involved in inflammation and skeletal muscle repair. The expression of two common STAT3 activators, IL-6 and TNFa (protein abundance), did not differ between the age groups in the present study, consistent with the lack of difference with age in basal STAT3 levels. However, this is contrary to previously reported age-related differences in total STAT3 protein expression in both humans and rodents muscle (Haddad and Adams 2006; Thalacker-Mercer et al. 2010) , where it was suggested that STAT3 increases in older adults were indicative of greater inflammatory signaling at rest (Thalacker-Mercer et al. 2010) . As skeletal muscle biopsies contain a mixture of cell types, age-related differences in cell types could be an important factor contributing to the differences observed in inflammatory status between studies. The contrasting findings may also be related to different levels of engagement in physical activity (i.e. sedentary lifestyle vs. recreational active). Some of the elderly individuals in the current study were involved in recreational physical activity which may have a positive (lower) effect on muscle inflammation. A somewhat support for this hypothesis can be found in the trend for negative correlation found between VO 2peak and MCP1 mRNA. It is possible that in older adults who live sedentary lifestyle inflammatory markers will be higher than that reported in the current study.
As expected, the elderly group had a significant reduction in muscle strength compared to the young group. Although muscle strength was negatively correlated with age, an important finding was that muscle strength was not associated with any of the measured inflammatory markers in muscle in this older-adult cohort. This is in contrast to the negative correlation observed between muscle strength and inflammatory markers in the very old (Greiwe et al. 2001) and in clinical populations, such as patients with knee osteoarthritis (Levinger et al. 2011) . Taking together previous results and those from the current study, it is possible that a correlation exists between muscle strength and inflammatory markers in people aged 75 or older when muscle wasting is evident, and there is a substantial reduction in the capacity to perform activity of daily living that accompanies chronic clinical conditions. It is possible that in a different cohort of elderly people with a more sedentary lifestyle these inflammatory markers may be further elevated, leading to detection of a correlation between reduced muscle strength and increased inflammatory markers. This hypothesis should be explored in future research. In addition, it is possible that a correlation between muscle strength and inflammatory markers may exist in the presence of musculoskeletal disease, where further muscle impairment may be present as was reported previously (Levinger et al. 2011) .
JNK and NF-jB are two prominent signaling molecules associated with inflammation, cellular stress and aging. Both kinases are activated by the pro-inflammatory molecule TNFa (Liu 2003) . Very few studies have been conducted in older adults measuring the levels of NF-jB proteins or JNK1/2 in skeletal muscle, at rest. We observed no age-related differences in the protein abundance of p65 (NF-jB) and JNK1/2, consistent with unchanged TNFa protein abundance. However, the results for NF-jB contrast with previous research, which have reported increases in phosphorylated IjjB (an NF-jB regulator) and nuclear p65 expression in the older group, but not p50 (Buford et al. 2010) , or elevations of p50 in the older adults but no difference in IjjB (Thalacker-Mercer et al. 2010 ). Differences in the age of the sample populations (67 years in current study vs. 73 years) and physical activity levels (recreationally active vs. sedentary) of the participants may account for some of these discrepancies (Thalacker-Mercer et al. 2010) . It was also proposed that in rodents the abundance of NF-jB isoforms might vary between muscle type (e.g. type I vs. type II) in the hindlimb (Phillips and Leeuwenburgh 2005) . Additionally, the studies investigating NF-jB within skeletal muscle obtained from aged animals failed to compare the resting levels of p65 prior to immobilization, precluding firm conclusions regarding the effect of age on basal NF-jB levels (Bar-Shai et al. 2005a, b) . Similar to NF-jB, there appears to be a difference in JNK expression between muscle types. Age-related changes in JNK protein levels occur in the extensor digitorum longus (EDL) of rats, but not in the soleus (Mylabathula et al. 2006) , while in humans, JNK protein expression in the vastus lateralis was not different in a population of young and older men similar to the current study (Williamson et al. 2003) . It is possible that the different protein expression in skeletal muscle may occur due to the physical properties of the fibers; however, this requires further investigation.
A potential limitation of the current study is the relatively small sample size. Thus in one sense, this new data Eur J Appl Physiol (2013) 113:509-517 515 should be seen as hypothesis generating. It is possible that with a larger sample size, other correlations, especially between muscle strength and inflammatory markers, will become significant. Another potential limitation is the clinical profile of some elderly participants. We cannot exclude that some of the differences reported are partly related to differences in clinical profile, obesity level, dietary habits (including the possibility of suppressed caloric intake in the elderly) and pharmaceutical use (including NSAIDS), rather than aging per se; however, in current Western societies where 60 % or more of the adult population may be overweight/obese, these clinical profiles are part of aging.
Conclusions
Older adults have increased skeletal muscle MCP1 (mRNA and protein abundance) and IL-8 (protein abundance) and also reduced muscle strength and VO 2peak . However, the reduction in muscle strength and VO 2peak was not related to the increase in muscle inflammatory markers in this cohort.
